Many 4øAr/39Ar age spectra for alkali feldspars are significantly different from the model age spectra calculated for slowly cooled samples composed of diffusion domains of a single size, and the Arrhenius plots for these samples show departures from linearity that are inconsistent with diffusion from domains of equal size. The most plausible explanation for these discrepancies is the existence of a distribution of diffusion domain sizes. We have extended the single-diffusion-domain closure model of Dodson so that it applies to minerals with a distribution of domain sizes and have used it to explain many commonly observed features of 4øAr/39Ar age spectra and Arrhenius plots for 39Ar loss during step heating. For samples with a distribution of diffusion domain sizes, the form of the 39Ar Arrhenius curve is a function of the heating schedule (i.e., the temperature and duration of the steps used), and thus different heating schedules will result in different curves for the same sample. This effect can be used to confirm the existence of a distribution of diffusion domain sizes and to optimize the information contained in the Arrhenius plot. The multiple diffusion domain size model is used to reinterpret the age spectra, Arrhenius plots, and cooling history of three feldspars from the Chain of Ponds pluton, northwestern Maine, earlier interpreted assuming a single domain size. Interpreting the 4øAr/39Ar and 39Ar released during step heating in terms of a single domain size gives rise to a large discrepancy between the cooling rate determined from the age and closure temperature of the three samples compared to the cooling rate required to explain the shape of the individual age spectra. The single domain size model fails also to account for the observed departures from linearity of the Arrhenius plots. We show that a particular domain size distribution in each sample can explain in detail both the shape of the age spectra and the Arrhenius plots, and results in the three samples defining a common cooling history. There is thus good evidence for the three alkali feldspar samples studied here that the thermally activated diffusion measured by 39Ar release during step heating in the laboratory is also the mechanism responsible for argon loss or retention in the natural setting. 
INTRODUCTION
The potassium-argon dating method, which uses the radioactive decay of 4øK to stable 4øAr as the measure of time, has been widely and successfully applied to many different rock types of diverse ages [see Dalrymple and Lanphere, 1969] . Many common minerals lose Ar at geologically moderate temperatures, and thus the date obtained is not the time of crystallization but the time when the mineral was sufficiently cold to become an effectively closed system. This apparent shortcoming of the K-Ar system can be turned to advantage if the mechanism for loss is thermally activated, in which case a temperature can be associated with the age of each sample, making the system a thermochronometer.
Two developments were particularly important in K-Ar thermochronometry. The first was the realization by Merrihue and Turner [1966] tains information on the amount of potassium present (based on total 39Ar released), the loss of argon, assumed to be due to molecular diffusion, as a function of temperature (from the amount of 39Ar released during each temperature step), and an age associated with each fraction of argon released. The measure of how the sample loses argon as a function of temperature is critical for estimating the closure temperature to which the age refers. The second development is theoretical, involving the formalism for defining and determining this closure temperature [Dodson, 1973] .
Dodson assumed that the loss of argon is a thermally activated diffusion process which follows a simple Arrhenius equation of the form D = Do exp ( -E/RT)
where D is the diffusion coefficient with value Do as the absolute temperature T becomes very large, R is the gas constant, and E is the activation energy. The "frequency factor" D O and E are determined from the release of 39Ar as a function of temperature in the step heating experiment. If the geological cooling of the sample near its closure temperature can be represented by a linear change with time of l/T, Dodson [1973] showed that the closure temperature Tc of a uniform grain is given by where r is the time required to diminish D by a factor of e, p is the characteristic size of the diffusion domains, which are often much smaller than the observed grain size, and A is a numerical constant related to the geometry of the diffusion domains (see Dodson [1973] for values of A for slabs, cylinders, and spheres). The time constant r may also be expressed as
which requires some knowledge of the cooling rate dT/dt as well as the activation parameters. For geologically reasonable cooling rates and typical Do and E of common minerals, T c depends only weakly on r, and thus even a crude a priori estimate of dT/dt is sufficient to determine Tc. The Dodson theory for closure temperature, which we review in more detail in section 2, defines and gives the means for determining the temperature Tc that the analyzed sample had at a time in the past corresponding to the age given by its total 4øAr/39Ar, provided that the assumptions made in deriving the theory are met. Further analysis of the data generated by the 4øAr/39Ar method enables us to test these key assumptions. How a test might be devised is best illustrated by reviewing a recent effort to determine the cooling history of some plutonic rocks using this method. A test for the internal consistency of applying simple diffusion theory to such data is based on the realization that the shapes of the age spectra (Figure 1 ) contain information on the cooling rate experienced by each sample. If the system is behaving according to simple diffusion theory, then the rate of cooling that we deduce from the individual age spectra and that seen in Figure 3 should agree. In fact, these two estimates of the cooling rate do not agree.
The use of age spectra as estimators of the cooling rate is most easily illustrated by appropriately normalized theoretical age spectra such as we show in Figure 4 . This particular representation of age difference (/x age), normalized by r, as a function of cumulative 39Ar loss is valid for all cooling rates and follows from the diffusive behavior of domains of uniform size. The key point is that the changes in age of an age spectrum are a measure of r, which in turn can be used to find dT/dt (equation ( times concave upward for the early released argon, a flat portion near 50% argon release, and a further increase in age between 60% and 100% argon release) than the smoothly increasing theoretical spectra. To quantify the discrepancy, we show in Figure 6 that the age spectra imply a much slower cooling rate (dT/dt < IøC/Ma) corresponding to r 21 Ma. Thus we see that if we assume a single diffusion domain size for the Chain of Ponds samples, we will arrive at two very different estimates of the cooling rate, one of order 3øC/Ma based on their closure temperatures versus time ( Figure 3 ) and a slower cooling rate of < IøC/Ma based on the shape of their age spectra ( Figure 5 ). The conclusion is that for these three samples, and for numerous others that we have inspected but not explicitly modelled, the process of Ar loss is more complicated than that given by Dodson closure theory for diffusion domains of a single size.
The purpose of this paper is to identify the cause of the discrepancies noted above and to suggest new ways for treating the 4øAr/39Ar data to arrive at results that are more nearly self-consistent. Because much of our analysis is based on an extension of Dodson's model for closure temperature, we begin in section 2 with a review of his model. In section 3 we consider if Dodson's assumption that 1/T oct is critical and if the observed discrepancy between the cooling rates derived from a set of closure temperatures and that determined by fitting curves to the age spectra might not arise from the fact that the samples had a cooling history with a different time dependence. We calculate 4øAr accumulation for cooling histories in which T, T -]/2, or T -] varies linearly in time and interpret the results using Dodson's theory. We find that the temperature history is recovered almost perfectly even when the actual cooling was not that assumed in deriving the formula for closure temperature. In sections 4 and 5 we introduce the possibility that the samples analyzed consisted not of a single diffusion domain size but of a distribution of sizes, which Turner [1968] and Gillespie et al.
[1982] already recognized as having an impact on the age spectra. In a more recent paper, Zeitler [1988] shows how a distribution of diffusion domain sizes will affect the Arrhenius curves as well. Not only are the observed age spectra better fit by the theoretical curves for appropriate choices of The first is that there will no longer be a single closure temperature; instead the analyzed properties of each sample will depend on a segment of the cooling curve that extends from the higher temperatures, where the largest grains begin to close, down to the colder temperatures at which the smallest grain size fraction finally closes. The second is that Arrhenius plots derived from step heating experiments on multidomain samples will reflect not only the relative sizes and volume fractions of the different domains but will also depend on the temperature and duration of the heating steps used. In other words, different heating schedules for the same sample will result in different Arrhenius plots. This being true, the effect of the heating schedule on the Arrhenius plot may well be the most direct demonstration of the existence of different diffusion domain sizes, and furthermore, variations of the heating schedule (i.e., cycling the temperature rather than having it monotonically increase) can be used to produce sufficiently diagnostic data for determining the size and diffusion properties of the various components of the distribution. Figure 5 now normalized using larger r chosen to cause the theoretical age spectra conform more closely to the measured spectra. These r are not those one would calculate using the cooling history shown in Figure 3 and the diffusion parameters given in Table 1. Note that even while this figure shows a significant improvement in the fitting of the age spectra, the shapes of the real age spectra have more structure than the smoothly increasing theoretical spectra. The typical approach for finding the 4øAr/39Ar cooling history of a set of samples is to first determine their Arrhenius parameters from the release of 39Ar during step heating and then to use (2) to assign a temperature T½ to the age determined from each sample's total 4øAr/39Ar. Calculating Tc requires an estimate of dT/dt through its dependence on r, and the process can be iterated to improve the estimate of dT/dt. The set (T½, age) specifies the cooling history.
The dimensionless general accumulation equation with diffusion for a radiogenic daughter product can be written as [Dodson, 1973] where Aagem/r measures age differences along the age spectrum in units of r relative to the age of the last argon extracted. Equations (9) and (7) can be used to calculate normalized age spectra for slowly cooled minerals of spherical, cylindrical, or plane slab geometry. Normalized spectra for spheres and plane slabs were shown in Figure 4 , and we note that both curves have a flat portion for the last 39Ar
released. From now on, we will use the word plateau to identify this flat portion of the age spectrum. Dodson [1973] suggested that a "closure" temperature could also be associated with 4øC(0, 00), the "age" of the argon at the central point of a mineral grain. The problem is that laboratory extractions of argon do not directly determine 4øC(0, 00) and the "age" of argon at the central point is not the same as the age of the last argon extracted in a step heating experiment. What we need is the closure temperature corresponding to the age of the last gas released. We give below relations for what we will call a plateau temperature (Tp) corresponding to the plateau age (agem in the limit
•'m >> 1). One reason for stressing the age and closure temperature of the last gas released by a grain (plateau age and plateau temperature) is that in the case of multidomain samples these are more easily interpreted than the total argon age of the sample.
Let top be the plateau age, then taking the limit •'m >> 1 (so that only the first term of the series in equation (5) 
where y is Euler's constant. Tp is the correct temperature to associate with the age of the last argon released.
EFFECT OF DIFFERENT COOLING HISTORIES
Many published 4øAr/39Ar age spectra (i.e., Figure 1) show important discrepancies when compared to theoretical age spectra calculated on the assumption of a single grain size (Figure 4) . Examples of such discrepancies in both magnitude and shape are given in Figures 5 and 6. In an effort to find the cause of these discrepancies we studied the effect of Dodson cooling history is quite different from T -1 (Figures 8 and 9 ).
We take this as evidence that the assumption made by Dodson regarding the form of the cooling curve when deriving the relation for closure temperature is not at all critical.
In terms of our present purpose it seems clear that the source of the discrepancy between the rate of cooling derived from a set of closure temperatures and that deter- The similarity between some of the multigrain model curves (age spectra from Figures 10-13 and the Arrhenius curves in Figure 14 ) and those obtained from real samples (Figures 1 and 2) suggests that we should look for specific mixtures of grain sizes that can approximate both the age spectrum and Arrhenius plots of the real samples. This we do in the next section along with a reinterpretation of the cooling history of the Chain of Ponds pluton.
A very important property of samples with a distribution of domain sizes is that different sequences of step heating will produce different Arrhenius plots. Zeitler [1988] Note, however, that because shorter time steps were used, the new data extend along a linear trend to significantly higher temperatures than the old data, which we take as evidence that the eventual departure of the data from a single linear trend is not due to structural decomposition once the sample exceeds some critical temperature but instead reflects the exhaustion of gas coming from the smallest domain size. Both the old and new data show the existence of more retentive domains, which we interpret as resulting from a larger diffusion domain size, but only the new data characterize these domains over a sufficiently large range of temperature to provide a useful constraint on their activation energy. It appears that the activation energy of the different sized domains of this sample (MH-8) are quite similar. Table 2 , and the cooling history (Tc, age) recovered using these parameters is shown in Figure 3 . Recall that this cooling history does not agree with the rate of cooling deduced independently from the age spectra of the individual samples ( Figure 5) .
We now favor an interpretation in terms of a distribution of domain sizes and thus will reinterpret these samples by seeking distributions that approximate both the age spectra and the Arrhenius plots. The departure from linearity in the Arrhenius plot becomes important in the sense that it gives relevant information on the diffusive behavior of the sample Figure  16 supports this claim rather dramatically in the case of sample MH-8 by showing that reruning the sample with shorter time steps shifts the departure from linearity to much higher temperature. We do not yet have a formalism for directly finding the optimum distribution of domain sizes and therefore have proceeded by trial and error. As a starting point we will insist that the smallest grain size fraction be such as to reproduce the linear low-temperature portion of the Arrhenius curve. From the slope of this linear range we determine the activation energy E, which we assume is representative for all the size fractions. That all domains have the same activation energy is the simplest assumption and is supported by a number of Arrhenius plots from recent experiments using thermal cycling (O. M. Lovera et al., manuscript in preparation, 1989). The volume fraction of the smallest grain size is given by the point at which the data in the Arrhenius plot depart from linearity. We then turn to the age spectra for estimates of the volume fractions and relative sizes of the larger domains. Recall that the model spectra given earlier showed that the difference in age between local age plateaus is a measure of relative size, while the extent of the plateaus will give an estimate of the volume fractions. In most cases, inspection of the Arrhenius plot and the age spectrum is sufficient to fix the distribution function for relative size and volume fraction. The only remaining degree of freedom is then the shape of the cooling curve for the interval over which the various domains close, which may be as long as 100 m.y. We adjust the cooling history for each sample until we obtain a satisfactory fit to the entire age spectrum. In general, we find the age spectra to be quite sensitive to the detailed structure of the cooling curve. For example, in the case of the three samples studied here the shape of the spectra for the first 30% 39Ar released requires a significant slowing down of the rate of cooling compared to that during the closure of the larger grain size fractions. Figure 18 ) and the cooling history segments for each sample shown in Figure 19 . The new fit to the age spectra is a significant improvement over that given by spectra calculated for grains having a single diffusion domain size (upper solid curve) and a cooling rate corresponding to r = 7 Ma.
The reinterpreted results for the three samples from the Chain of Ponds pluton are summarized in Tables 3 and 4 and  Figures 17-19. Table 3 gives the size distribution and Table  4 gives the activation energy E and frequency factor D O (with P s normalized to 1) for all three samples. Figure 17 shows the degree of fit to the age spectra obtained with these parameters using the cooling curves shown for each sample in Figure 19 . Figure 18 shows the degree to which the parameters given in Tables 3 and 4 Table 3 and the diffusion  parameters of Table 4 . The almost perfect fit now obtained for the three samples (ignoring the very highest temperature point where the sample is starting to melt) is a great improvement over any single straight-line segment one would get for a single grain size. The key point is that the departure of these plots from linearity is no longer attributed to a structural breakdown during heating in laboratory but is now believed to be a real feature of the diffusive behavior of these samples while they were in their natural environment. this history seen by each of the samples. These segments are shown in Figure 19 along with points corresponding to the closure temperature of each grain size fraction to give an indication of which size fraction determines the various parts of the segment. In Table 4 we list the closure temperatures (from equation (2)) along with the age along the appropriate segment when this temperature is achieved. The most obvious effect of our reinterpretation is to shift the cooling curve to higher Arrhenius parameters for the smallest domain size to calculate a closure temperature that they then associated with an age corresponding to the largest domains in the distribution. Consequently, their closure temperature was too low.
An important attribute of having segments of the cooling history from each sample, as opposed to a single point, is that even with a small number of samples, one has an estimate of the reliability of the thermal history in the degree to which the various segments overlap. For the three samples studied here all but the smallest grain size fractions give a very consistent history. Why the temperatures given by the smallest grains in MH-10 and MH-8 fall above the general trend defined by eight other grain fractions is not clear. The data that cause them to fall where they do are the ages of the first 30% 39Ar in the age spectra. In order to fit this portion of the age spectra the rate of cooling has to be significantly less than that "seen" by the larger domains. One should keep in mind that the smallest domains are the most "fragile" in terms of any additional Ar loss, and thus the least reliable as estimators of the actual cooling history. Accordingly, we suggest that the best estimate of the cooling history of the Chain of Ponds pluton is given by combining the three cooling curve segments ignoring the smallest domain size of MH-10 and MH-8.
SUMMARY AND DISCUSSION
The present study began as an effort to test a basic assumption of the 4øAr/39Ar method, which is that Ar loss from geological samples is the result of thermally activated diffusion and that geologically relevant diffusion parameters can be obtained by laboratory step heating experiments. The test involves comparing the rate of cooling, determined by joining a set of closure temperature-age estimates (using Dodson's formalism for the closure temperature of minerals composed of a single dominant grain size), to the rate of temperature change needed to account for the shape of the individual 4øAr/39Ar age spectra. Had we found good agreement between these two estimators of the cooling rate, the case for simple diffusive behavior would have been compelling. In fact, we did not find good agreement; the discrepancy in the estimated rate of cooling was greater than a factor of 3. The cause of this discrepancy does not appear to be differences in the actual cooling history from the linear increase in 1/T with time assumed by Dodson, and thus something more profound appears to be wrong with the commonly used formalism for interpreting 4øAr/39Ar data when applied to the samples considered here. An important clue as to cause of the discrepant estimates of cooling rate already exists in the Arrhenius plots, which show departures from the linearity one would expect for thermally activated diffusion from domains of equal size and activation energy. These departures from linearity can be explained if there is a distribution of different grain sizes within each sample. To explore this possibility, we developed a formalism for calculating age spectra and Arrhenius plots for such multidomain samples and then calculated synthetic spectra and Arrhenius plots for a variety of different grain size distributions as a guide to reinterpreting the data from Chain of Ponds pluton.
We showed that the Arrhenius plots for samples with a distribution of diffusion domain sizes depend not only on the activation energy, frequency factor, and size distribution but also on the specific heating schedule (the temperature and duration of each step) used. This suggested that subjecting a given sample to different heating schedules would provide a way of demonstrating the existence of diffusion domains of different sizes. Furthermore, careful design of heating schedules will produce Arrhenius plots that more clearly expose the properties of the various size fractions separately. We showed this by a remeasurement of sample MH-8.
We reinterpreted three Chain of Ponds pluton samples using a model containing a distribution of grain sizes. We found for each sample a distribution of domain sizes such that we were able to fit both the observed age spectrum and the Arrhenius plot and also to constrain a segment of the cooling history, which should be consistent with the cooling history segments found from the other samples. The degree to which we have succeeded is shown in Figures 17-19 . Differences among the various cooling history segments provide a measure of the uncertainty one should attach to the overall cooling history of the pluton.
The revised cooling history of the Chain of Ponds pluton shown in Figure 19 lies above the Heizler et al. [1988] curve defined by the closure temperatures estimated using a single domain size model, primarily because in the single grain size model the diffusion parameters of the smallest grain size fraction were used to determine Tc but the age assigned was that of the largest grains. If Arrhenius parameters appropriate to the large grain fraction had been used instead, the closure temperatures would fall much closer to our reinterpreted curve. An interesting question is whether a revision of the cooling history of the magnitude we show is important. Depending on one' s point of view, a few tens of degrees more or less might seem insignificant. However, an important application of the 4øAr/39Ar method is to situations where samples such as those studied here are reheated (in a sedimentary basin for example), and one hopes to use the associated loss of argon to say something about magnitude and duration of this reheating event (e.g., will it lead to hydrocarbon maturation?). In this type of application, errors of the order of tens of degrees for tens of millions of years are unacceptably large. Even in the case of slow cooling there is good reason to strive for the greatest accuracy possible. The slow cooling recorded by the alkali feldspars from areas such as the Chain of Ponds pluton is in all likelihood due to uplift and erosion, and thus an accurate cooling curve is critical for the determination of reliable estimates of the timing and rate of uplift.
Perhaps the single most important conclusion of this study is that thermally activated diffusion is indeed the mechanism controlling Ar loss from feldspar minerals and that the formalism due originally to Dodson, when modified to allow for the possibility multiple diffusion domain sizes, can be used to recover a reliable thermochronometric information.
This view is not shared by Parsons et al. [1988]
, who argue that argon loss from alkali feldspars in nature occurs by a different process than in the laboratory and thus age spectra for such minerals are not reliable. This contrast in views may result in part from the altered nature of the samples used by Parsons et al. [ 1988] . Their Arrhenius plots apparently show a great deal of scatter even at low temperatures, a condition that we have rarely observed and certainly does not occur for the samples used in the present study. The strength of our conclusion rests on the fact that both the Arrhenius data, derived in the laboratory over the course of a few hours, and the details of the age spectra, which were produced in nature over millions of years, are quite consistent once one allows for a distribution of diffusion domain sizes.
Our use of a diffusion domain size distribution to explain the 39Ar Arrhenius plots and 4øAr/39Ar age spectra of alkali feldspars warrants speculation as to the nature of the domain boundaries. It has long been suggested [e.g., Foland, 1974] that exsolution lamellae, which form in alkali feldspars during slow cooling, define a continuum in which argon transport proceeds by a volume diffusion process and their boundaries act as pathways for rapid argon transport. (Tables 3 and 4) Integrating the term independent of Off), we have where 00 represents a nondimensional time in the past when the 4øAt in the sample was effectively zero. Dodson [1973] determined In for slow cooling samples (equation (6) I n e -a"2( + a n e
The eigenfunctions U(a n r) form a complete set; therefore they satisfy orthogonality and completeness relationships of (C14) P s being the largest grain in the sample. In this limit then the properties of the largest grains in the distribution exhibit their diffusion parameters. Physically, this corresponds to that part of the Arrhenius plot for which all the smaller grains are exhausted, and only the biggest one contributes to the gas released in the final steps. In general, insistence on a relation of the form (C2) will lead to Arrhenius plots that depart from linearity except for the very first gas released (lowest temperature steps), which will reflect the smallest grains in the distribution, and for the last gas released (highest temperature steps) which will reflect the properties of the largest grain size.
